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6.0 SHADOWGRAPH PHOTO TESTS 


A total of 142 shadowgraph photographs were taken on 43 different plumes 
that were distributed over the six nozzle configurations of this program 
using the 9.5 inch diameter collimated light beam of the shadowgraph setup 
described in Appendix V. Aerodynamic flow conditions of the shadowgraph 
test points, the location and identification of each of the photographs, and 
copies of the pictures taken are presented in this section. 

6.1 SCOPE AND DETAILS OF TESTS 

The total scope of the shadowgraph test efforts are summarized in 
Table 6.1. The individual test details associated with each of the test 
models are provided in Tables 6.2 through 6.7. For easy cross-reference, the 
following information is provided on each of these tables: 

o Shadowgraph test plume designation 

o Test plume aerodynamic flow conditions — 

Pictures taken with a flow condition for a given 
nozzle constitute a set of shadowgraphs. 

o Identification of each of the pictures in a given 
set with a shadowgraph number 

o Actual center location of each of the pictures 
relative to a referenced origin 

o Pictorial description of a shadowgraph set for each 
of the test plumes with the individual pictures 
identified by their shadowgraph numbers 

o Identification, if any, of the available and matching 
acoustic and laser velocimeter test plume numbers 

The copies of individual shadowgraph photographs for each of the six test 
models are presented in Section 6.2 (Subsections 6.2.1 - 6.2.6). 
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Table 6.1 Summary of Shadowgraph Tests 











Table 6.2 Test Details of Shadowgraph Photographs with Circular Convergent 
Nozzle (Model 1). 
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Table 6.3 Test Details of Shadowgraph Photographs with Circular Convergent- 
Divergent Nozzle (Model 2). 
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Table 6.3 (Concluded). 
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Table 6.4 Test Details of Shadowgraph Photographs with Annular Convergent 
Nozzle (Model 3). 


ORIGINAL PAGE S3' 

OF POOR QUALITY 



1371 










































Table 6.4 (Concluded). 




Divergent Nozzle (Model 4). 
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Table 6.5 (Concluded). 



1374 






















Table 6 6t Test Details of Shadowgraph Photographs with Convergent Suppressor 
Nozzle (Model 5). 
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Table 6-6. (Concluded) 
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Table 6.7. Test Details of Shadowgraph Photographs with Convergent-Divergent 
Suppressor Nozzle (Model 6) 
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Table 6.7 (Continued). 
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Table 6.7 (Concluded). 
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6.2 SHADOWGRAPH PHOTO TEST RESULTS 


6.2.1 Shadowgraph Photos of Model 1 

The shadowgraph test details associated with this model are provided in 
Table 6.2. The copies of the individual shadowgraph photographs taken with 
this model are presented next in this section. 
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6.2.2 Shadowgraph Photos of Model 2 

The shadowgraph test details associated with this model are provided in 
Table 6.3. The copies of the individual shadowgraph photographs taken with 
this model are presented next in this section. 
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6.2.3 Shadowgraph Photos of Model 3 


The shadowgraph test details associated with this model are provided in 
Table 6.4. The copies of the individual shadowgraph photographs taken with 
this model are presented next in this section. 
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6.2.4 Shadowgraph Photos of Model 4 


The shadowgraph test details associated with this model are provided in 
Table 6.5. The copies of the individual shadowgraph photographs taken with 
this model are presented next in this section. 
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6.2.5 Shadowgraph Photos of Model 5 


The shadowgraph test details associated with this model are provided in 
Table 6.6. The copies of the individual shadowgraph photographs taken with 
this model are presented next in this section. 
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6.2.6 Shadowgraph Photos of Model 6 


The shadowgraph test details associated with this model are 
Table 6.7. The copies of the individual shadowgraph photographs 
this model are presented next in this section. 
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Figure 6-50 Shadowgraph Photos: Multi-Element C-D Suppressor Plug Nozzle (Model 6): With Free-Jet. 
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7.0 STATIC PRESSURE DATA 


In order to aid the acoustic and LV results in determining the shock-free 

operating conditions of the convergent-divergent Models 2, A and 6, diagnostic 
static pressure instrumentation has been added on the divergent sections of 
these model nozzles. In addition, base pressure instrumentation has been 
applied in the base regions of the chutes of Model 6 in order to obtain an 
assessment of the base drag and its impact on the nozzle performance. The 
measured static pressure data are summarized in this section. 

7.1 DIAGNOSTIC STATIC PRESSURE DATA 

Instrumentation details with Models 2, 4 and 6 are provided in Section 2.0. 

The locations and identifications of the P taps are summarized in this section 

s 

in Figures 7.1 through 7.3 as follows: 

o 15 P g taps along the flow passage of convergent-divergent 
circular nozzle (Figure 7.1) 

o 13 P g taps on the plug surface and 7 P g taps on the inner 
surface of the outer flowpath of the annular convergent- 
divergent nozzle (Figure 7.2) 

o 24 P g taps within the convergent-divergent flow passage of 
the suppressor configuration (Figure 7.3) 

The test data were obtained simultaneously with the acoustic test results. 
Hence, the aerodynamic flow conditions summarized in Section 3.0 of Volume I 
for Configurations 2, 4 and 6, respectively, represent also the test points 
during which the P g data were obtained. 

Tables 7.1 through 7.3 summarize the measured diagnostic static pressure 
data with Models 2, 4 and 6, respectively. 
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Figure 7.2. Application of P Instrumentation to Annular Convergent-Divergent Nozzl 

(Model 4) 
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Measured Static Pressure, psia 
Tap Number (See Figure 6.2 for Location Details) 
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Table 7.3. Diagnostic Static Pressure Data of Convergent-Divergent 20-Shallow- 
Chute Suppressor Nozzle (Model 6) 
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7.2 SUPPRESSOR BASE PRESSURE DATA 


Base pressure instrumentation applied to the convergent-divergent 
suppressor configuration (Model 6) are described in Section 2.0. The locations 
and identifications of the 15 P g taps in the base regions of the chutes are 
provided in Figure 7.4. 

Base pressure measurements were obtained over a range of cycle conditions 
that are typical of AST/VCE cycle including the shock-free design condition of 
the suppressor flow elements. The data were recorded with free-jet velocities 
of 0, 200 and 400 fps. The aerodynamic test conditions of the base pressure 
test points are summarized in Table 7.4. 

Table 7.5 summarized the measured base pressure data corresponding to the 
aerodynamic flow conditions of Table 7.4. 






Figure 7.4. Application of Base Pressure Instrumentation to 20 -Shallow-Chute Suppressor 
Nozzle (Model f>). 






Table 7.4. Summary of Aerodynamic Flow Conditions of Base 
Pressure Tests with Model 6. 
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Table 7.5. Summary of Measured Base Pressure Data for Model 6. 
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8.0 NOMENCLATURE 


a 


c 

C-D 

CDR 


Corr T 

D 

F 

f 

FTFSDR 


F ,F ,F ,F 
o x y z 

h 

Z 


k 

0 

k. 

1 

LBM 

LVM 

M 

N 

NF 

OAPWL 

OASPL 

PWL 

P 


P' 


P 

s 

P 

r 

PNL 

PNLN 

PNLT 

R 


r 


Radius of free-jet 

Speed of sound 

Convergent-divergent 

Comprehensive data report 

Turbulence absorption correction 

Diameter 

Ideal thrust 

Frequency 

Flight-transformed full-scale data reduction computer program 

Mutually uncorrelated set of singularities 

Annular height dimension 

Path length 

Wave number 

Sample number 

2 

Defined as 10 log M_. - 1 

Defined as 10 log (V./a , ) 

° j amb 

Mach number 
Number of samples 

Normalization factor, defined as -10 log (F/F ^)(p/p ^ 

Overall sound power level 

Overall sound pressure level 

1/3-octave-band sound power level 

Pressure 

Acoustic pressure 
Static pressure 

Pressure ratio, defined as ratio of inner to outer radius 

Perceived noise level 

Normalized perceived noise level 

Tone corrected perceived noise level 

Gas constant 

Radial coordinate 
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RH 

R 

r 


SPL 

t 

T 

T 

T 

s 

V 

VCE 

W 


x,y,z 


e 

e 


i 

j 


M 

P 


U) 


Y 


a 


T 


Relative humidity 

Stream radius ratio, defined as ratio of inner to outer radius 
of a stream 

Sound pressure level 

Time 

Total temperature 
Static temperature 
Ideally expanded velocity 
Variable cycle engine 
Weight flow rate 
Directional coordinates 

Microphone angle measured relative to inlet 

Microphone angle measured relative to exit 

Viscosity 

Static density 

Density exponent 

Ratio of specific heats 

Turbulence absorption coefficient 


Subscripts 
a/ c 

amb or o 
eq 
hyd 
i 

j 

ref 
r 

Superscripts 
mix Fully mixed conditions 

' Turbulent quantity or coordinates for slant traverses 

Mean value (overbar) 


Free-jet conditions 
Ambient conditions 
Equivalent 
Hydraulic 

Individual increment 

Based on ideal jet conditions 

Reference 

Ratio 


1490 


9.0 REFERENCES 


2-1 Clapper, W.S., Stringas, E.J., "Investigation of In-flight Aero- 

Acoustic Effects on Suppressed Exhausts," FAA-RD-76-79 ,V , G.E. Co., 
January 1979. 

2-2 Knott, P.R., Janardan, B.A., et. al. , "Free-jet Acoustic Investigation 
of High-Radius-Ratio Coannular Plug Nozzles," G.E. Co., Final Report 
Draft, May 1981. 

2-3 Janardan, B.A. , Brausch, J.F., et. al., "Free-jet Investigation of 
Mechanically Suppressed, High-Radius-Ratio Coannular Plug Model 
Nozzles," R81AEG484, Comprehensive Data Report Volumes I & II, 

May 1981. 

2-4 Bediako, E.D., Yamamoto, K. "Aerodynamic Design and Analysis for 

Shock Cell Noise Reduction System," R81AEG543, General Electric Company, 
September 1981. 

2-5 Brausch, J.F., Majjigi, R.K. & Bediako, E.D., "Model Hardware Design 

Report for a Thermal Acoustic Shield Concept for AST/VCE Application - 
Single Stream Nozzle Designs," R81AEG575, General Electric Company, 

July 1981. 

2-6 Kozlowski, H. & Packman, A.B., "Flight Effects on. the Aero/Acoustic 
Characteristics of Inverted Profile Coannular Nozzles," United Tech- 
nologies Corp. , NASA Contractor Report 3018, August 1978. 

3-1 Shields, F.D. and Bass, H.E. , "Atmospheric Absorption of High Frequency 
Noise and Application to Fractional-Octave Bands," University of 
Mississippi, NASA CR-2760, June 1977. 

IV-1 Knott, P.R., "Supersonic Jet Exhaust Noise Investigation," Vol. I, 
Summary Report, AFAPL-TR-76-68 , July 1976. 


Hai 


APPENDICES 


PRECEDING PAGE BLANK NOT FILMED 


141)3 


APPENDIX I 


ACOUSTIC TEST FACILITY 


All of the acoustic, LV and diagnostic shadowgraph photo tests of this 
program were conducted in General Electric's Anechoic Free-Jet Facility located 
in Evendale, Ohio. The facility, schematically shown in Figure 1-1, is a 
cylindrical chamber having a diameter of 13.1 meters and a height of 21.95 meters. 
The inner surfaces of the chamber are lined with anechoic wedges made of fiber- 
glass wool to yield a low frequency cutoff below 220 Hz and an absorption 
coefficient of 0.99 above 220 Hz. Descriptions and results of the tests con- 
ducted in order to determine the acoustic characteristics of the anechoic chamber 
(e.g., inverse square law tests) and the mean velocity and turbulence intensity 
distributions in the free jet are presented in Reference 

The facility can accommodate model configurations up to a size of 17.3 cm 
(6.8 in.) in diameter. The required streams of heated air for a dual flow 
arrangement, produced by two separate burners, flow through silencers and 
plenum chambers before entering the test nozzle. The operating domain of the 
facility in terms of total temperature, pressure ratio, and jet velocity is 
indicated in Figure 1-2 for single and dual flow operation. 

The tertiary air system consists of a 250,000-scfm (50 inches water column 
static pressure) fan and a 3500-hp electric motor. Air supply to the fan is 
pulled through the existing buildup area inlet silencer. The transition duct- 
work and silencer route the air from the fan discharge to the tertiary silencer 
plenum chamber. The silencer reduces the noise level by 30-50 dB. The air is 
then discharged through the 1.2-m free-jet exhaust. Tertiary flow at its 
maximum permits simulation up to a Mach number of 0.41. Mach number variation 
is obtained by varying the tertiary airflow rate which is achieved by an adjust- 
ment in the fan inlet vanes. The combined airflow is exhausted finally through 
a "T" stack directly over the nozzles in the ceiling of the chamber. 

A schematic of the anechoic chamber, along with microphone locations, is 
presented in Figure 1-3. An overhead view of the tertiary exhaust surrounding 
a conical test nozzle is shown in Figure 1-4. 

The effect of tertiary flow on the background noise level at 50°, 90°, 
and 150° microphone locations is shown respectively in Figures 1-5 through 1-7. 

In each of these figures, background noise spectra with tertiary flow velocities 
equivalent to M =0, 0.2, and 0.3 are compared with one another and with a 
statij spectra o£ a typical coannular nozzle operating with a mixed velocity 
of V. =325 mps (1066 fps) . An examination of these figures indicates the 
level of jet noise to be considerably higher compared to background noise with 
tertiary flow only. Therefore, the tertiary flow is not expected to appre- 
ciably influence the levels of jet noise at the jet velocities of interest in 
this program. 
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Figure 1-1. 


Schematic of the General Flectric Anechoic Free-Jet 
Acoustic Facility. 
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Figure 1-3. Free-Jet Arrangement in Anechoic Facility (Cell 41). 
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Figure 1-5. Comparison of Coannular Jet Noise Spectra with Tertiary (Background) 
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Figure T-7. Comparison of Coannular Jet Noise Spectra with Tertiary (Background) 
Noise Spectra at 0 . * 150°. 



APPENDIX II 


ACOUSTIC DATA ACQUISITION AND REDUCTION PROCEDURES 


1.0 ACOUSTIC DATA ACQUISITION AND REDUCTION PROCEDURES 

A flow chart of the acoustic data acquisition and reduction system is 
shown in Figure II-l. This system is optimized for obtaining the acoustic 
data up to the 80 kHz 1/3-octave-band center frequency. The microphones used 
to obtain 80 kHz data are the B&K 4135, 0.64 cm, condenser microphones with 
the microphone grid caps removed to obtain the best frequency response. The 
cathode followers used in the chamber are transistorized B&K 2801 power supply 
operated in the direct mode. 

The output of the power supply is connected to a line driver adding 10 dB 
of amplification to the signal as well as adding "preemphasis" to the high 
frequency portion of the spectrum. The net effect of this amplifier is a 
10-dB gain at all frequencies, plus an additional 3 dB at 40 kHz and 6 dB at 
80 kHz due to preemphasis, thus increasing the ability to measure low ampli- 
tude, high frequency data. In order to remove low frequency noise, high 
pass filters with attenuations of approximately 26 dB at 12.5 Hz decreasing 
to 0 dB at 200 Hz are installed in the system. 

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB 
in 10-dB steps and a gain trim capability for normalizing incoming signals. 
High pass filters are incorporated in the acoustic data acquisition systems 
to enhance high frequency data previously lost in the tape recorder electronic 
noise floor for microphones from 110* to 160*. The microphone signal below 
the 20 kHz 1/3-octave band is filtered out, and the gain is increased to boost 
the "signal-to-noise" ratio of the remaining high frequency signal. For 
microphones from 110* to 160*, both the filtered and unfiltered signals are 
recorded on tape. The sound pressure levels for frequencies below 20 kHz are 
calculated using the filtered signal. The jet noise spectra at a given angle 
are obtained finally by computationally merging these two spectra. 

The prime system used for recording acoustic data is a Sangamo/Sabre IV, 
28-track FM recorder. The system is set up for wideband Group I (intermediate 
band double extended) at 120-ips tape speed. Operating at 120-ips tape speed 
provides the improved dynamic range necessary for obtaining the high fre- 
quency/low amplitude portion of the acoustic signal. The tape recorder is set 
up for ±40Z carrier deviation with a recording level of 8 volts peak-to-peak . 
During recording, the signal gain is adjusted to maximum without exceeding the 
8 volt peak-to-peak level. 

Individual monitor scopes are used for observing signal characteristics 
during operation. On-line data monitoring was available for this program via 
a Rockland narrow-band analyzer or a General Radio 1921 1/3-octave analyzer 
with their outputs on display scopes or hard copy via Tektronic plotter. 
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Standard data reduction is conducted in the General Electric AEG Instru- 
mentation and Data Room (IDR). The data tapes are played back on a CPC370CD 
tape deck with electronics capable of reproducing signal characteristics 
within the specifications indicated for wideband Croups I and II. An auto- 
matic shuttling control is incorporated in the system. In normal operation, 
a tone is inserted on the recorder in the time slot designed for data anal- 
ysis. Tape control automatically shuttles the t ape. ini t iat ing an integration 
start signal to the analyzer at the tone as the tape moves in its forward 
motion. This motion continues until an "integration complete" is received 
from the analyzer at which time the tape direction is reversed and the tape 
restarts at the tone in the forward direction advancing to the next channel 
to be analyzed until all the channels have been processed. A time code gen- 
erator is also utilized to signal the tape position of the readings as directed 
by the computer program control. After each total reading is completed, the 
number of tape channels at each point is advanced to the next reading. 

All 1/3-octave analyses are performed on a General Radio 1921 1/3-octave 
analyzer. Normal integration time is set for 32 seconds to ensure good inter- 
action for the low frequency content. The analyzer has 1/3-octave filter sets 
from 12.5 Hz to 100 kHz and has a rated accuracy of ±1/4 dB in 'each band. 

Each data channel is passed through an interface to the GEPAC 30 computer. 

Here the data are corrected for the frequency response of the microphones. 

Also the data are corrected to standard day (59* F, 702 RH) atmospheric atten- 
uation conditions using the Shields and Bass model (Reference 3-1) and then 

processed to calculate the perceived noise level and OASPL from the spectra. 

For calculation of the acoustic power, or scaling to other nozzle sizes, or 
extrapolation to different far-field distances, the data are sent to the 
Honeywell 6000 computer for data processing. This step is accomplished by 
transmitting the SPL's via a direct time-share link to the 6000 computer 
through a 1200 Band Modem. In the 6000 computer, the data are processed 
through the Flight-Transformed Full-Scale Data Reduction (FTFSDR) program 
where the appropriate calculations are performed. The data printout is 
accomplished on a high-speed "remote" terminal. 

The detailed FTFSDR program flow chart is shown in Figure II-2. The as- 
measured data are first extrapolated from the measured distance to a common 
40-ft arc. This is accomplished by subtracting both the distance correction 
[ i . e . , 20 log (40-ft distance/measured distance)] and the atmospheric attenu- 
ation correction over the 4 distance (i.e., where 4 distance * 40-ft mea- 
sured distance). The Shields and Bass Pure Tone Method (Reference 3-1) is used 
for all atmospheric attenuation corrections. The data are then converted to 
standard day at the 40-ft arc location by adding in the standard day correc- 
tion (i.e., 4dB * ° am b ” °std dav^ • The data are printed in tabulated 
form for SPL, OASPL, and PWL (for full sphere and based on the lossless data). 
For this program, model scale data below the chamber cutoff frequency of 250 
Hz should be ignored. 

^he model scale data are corrected next for background noise using the 
background noise spectra obtained with the tertiary jet at the required simu- 
lating flight velocity. The corrected model scale data are processed next 
through a flight transformation procedure, described in the next subsection, 
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2.0 THE FLIGHT TRANSFORMATION TECHNIQUE 

The objective of the General Electric free-jet transformation process is 
to employ far-field SPL spectra at various angles to the inlet axis (typically 
40* <9^ < 160* in increments of 10*) obtained in a free-jet experiment and 
transform it to yield SPL spectra as would be measured in a true moving frame 
experiment . 

The concept employed is as follows: proper aerodynamic simulation of 

the effects of forward flight is achieved in a free-jet experiment; but, 
acoustic simulation of the effects of uniform flow over the primary jet plume 
noise sources is achieved to a limited extent only. In other words, the free 
jet achieves the effect of a right source mix radiating into an environment 
that nearly approaches a static environment rather than an environment of 
sources shrouded by either a finite or infinite extent of uniform nonturbulent 
flow. (The basis of several previous investigations has been to assume that 
a well-defined region is taken as a doubly infinite cylinder of a constant 
circular section equal to the cross section of the free-jet exhaust plane.). 
The acoustic sources in a free jet, of course, do not radiate into a com- 
pletely static environment; hence, some propagation effects of the free-jet 
flow have to be taken into consideration. 

Based on the above picture, the broad outline of the procedure adopted 
is as follows. Defining the "static" directivity as the directivity pattern 
(in various frequency bands) that the sources (of the primary jet exhaust 
plume altered by the effects of relative velocity due to imposition of the 
free-jet) may be expected to produce if they radiated into a quiescent envi- 
ronment, the "static" directivity is deduced first from the measured free-jet 
experimental data by correcting the latter for propagation effects of the 
free jet. Since the free-jet flow field includes intensely turbulent shear 
layers through which the sound field of the sources must pass before reaching 
the far-field microphones (located in the quiescent ambient), some degree of 
empiricism (especially for the high frequency sound) is involved in attempting 
to account for these propagation effects. These are described in detail later 
in this Section. 

Once such a static directivity is extracted, it still remains to deduce 
what the noise signature of the source distribution would be if the source 
distribution was not stationary relative to the ambient, but moving relative 
to the ambient at the flight velocity. A multiple decomposition procedure 
suitable for the broadband jet noise problem, which attempts to synthesize 
the static directivity by ascribing it to a mix of uncorrelated singularities, 
was developed in order to predict the flight noise. Once such a decomposi- 
tion is completed, the dynamic exponent applicable to each singularity can be 
applied to derive the flight noise signature. 
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In summary, the method starts with narrow-band directivities from the 
free-jet experiment in various 1/3-octave bands, corrects these directiv- 
ities for free-jet propagation effects in a frequency-dependent manner to 
retrieve the "static" directivity, synthesizes the "static" directivity by 
a suitable mix of uncorrelated singularities, and finally applies the dynamic 
effect appropriate to each singularity to predict the flight noise. It is an 
inherent feature of the method that it works separately with each 1/3-octave- 
band directivity pattern. The final flight predictions can then be summed to 
yield either OASPL or PNL directivities or flight SPL spectra at various 
angles to the jet axis (Doppler shift effects on the frequency are fully 
accounted for during the analyses.) 

A detailed algorithm description is given in Figure II-3. 

The two phenomena involved in the change in the directivity of the noise 
radiated by the sources associated with the jet plume, when the jet is ex- 
hausting into a free-jet environment as opposed to a 6tatic environment, are 


% 

1. Refractive Effects of the Free-Jet Flows 


To deduct the refractive effects of the free-jet flow, the following 
procedure is adopted: * 

a. At low frequencies (k Q a < 3), the plug flow model solution for 
a point pressure source is used. 

p' « (1 - M^fcCos 0,) ^ 

b. At high frequencies (l^a > 3), the asymptotic high-frequency 
solution for a pressure source is used 

p' * (1 - M^-Cos 6,) _1 

At these values of the frequency parameter (k c a < 3) the 
exhaust arc was used to deduce the refractive effect follow- 
ing the method due to Schubert*. In this method, 

• First the refractive dip in dB along the jet exhaust axis 
is determined as being proportional to the product of the 
jet Mach nianber and the frequency parameter. 

Rej ® W^fc^oa where 0j - 180 - 0£ 

• Then a shape factor that is essentially Mach number and 
frequency independent is used to determine the refractive 

♦Schubert, '^Numerical Study of Sound Refraction by a Jet Flow; Wave Acous- 
tics," J. of Acoustical Society of America, September 1971. 
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dip at other angles. For the range 3<k 0 a<6, Ribner's 
results were used with a linear extrapolation in the range 
6>k 0 a> 1.25. 

• Based on experimental data, the refractive dip in the 

exhaust arc for k 0 a>6 was considered independent of k 0 a, 
but still linearly proportional to M , • 

2 . Absorptive Effects of the Fine Grain Turbulence in the Shear 
Laver of the Free Jet 


This relates to the fact that fine-grained turbulence in the shear 
layer of the free jet can absorb sound, especially at high frequen- 
cies. This correction is based on Crow's* theory which states 
that the effective absorption coefficient is proportional to the 
frequency, the distance the sound traveled in the shear layer, and 
the square of the Mach number, i.e.. 



where M^- ■ free-jet Mach number 
t * path length 

Based on the path length that the sound has to traverse, the absorp- 
tion coefficient is assumed to vary with 6^ as shown in the figure 
below 



*Crow, S.C., '^Viscoelastic Character of Fine-Grained Isotropic Turbulence," 
Physics of Fluids, Volvsne 10, July 1967. 
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The absorption was calculated assuming an eddy viscosity 

of 70 V for * 0.25 and f * 50 KHz. This yields 
corrections for k Q a>30. The actual expressions used were 


Corr_ 

T 


90* 



> 30 


Corr, 


6i > 90' 


■ Corr 


T e 


90* 
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+ 211.5- 


180 - e 
60 


‘) 


The above correction modification term for aft angles is limited 
to 3 dB. 


Corr_ 

T 


©i < 90* 


Corr. 


90* 





From the measured free-jet data, the refraction and turbulence 
absorption corrections are added to obtain the "basic" directivity 
of the sources. 


The basic directivity obtained above is assumed to be generated by a set 
of singularities, F c , F x , Fy, etc., such that the sound field is a solution to 

Vp + k^p ■ F 0 4 (x) 6(y) 6(z) + F x <x' (x) 6 ( y ) 6(z) + Fy 6(X) 6 ( y ) 6(z) 


where F 0 , F x , Fy are mutually uncorrelated, so that they contribute to 

the far field only additively. As the mean square pressure of any singulari ty 
is symmetric about both 0! * 0* and 0, ■ 90*, the inlet and exhaust arc are syn- 
thesized separately. 

The procedure adopted to determine the dynamic effect is as follows: 


1. From the "basic" directivity pattern, obtain the normalized SPL's 
based on the least SPL in both the forward and aft quadrants. 

2. Determine the linearized levels using the question 

~T) _ , n SPl*-SPL m ^ n< 


3. Decide on a level of fitting by using the criterion that the data 
ought to be reconstructed to within an average error of 2 dB. 
Assuming that the data ought to be reconstructed with the least 
singular distribution of uncorrelated sources possible, the problem 


1 5 0 S 
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simplifies to one of_solving a least squares problem of the type 
find x to minimize |r|* (Ax - b) subject to nonnegative constrain- 
ing x > 0. This is done by using an algorithm based on the Kuhn- 
Tucker theorem of optimization theory. 

4. The singularities obtained by using the Kuhn-Tucker theorem are com- 
bined to obtain the least singular decomposition of the sources. 

5. The appropriate dynamic effect is applied to each singularity type 
to determine the correction that is applied to the measured free- 
jet data corrected for refraction and turbulence absorption. If 
the mean square of the sound pressure is obtained by adding the 
singularities as 

'2 6 4 2 2 4 4 

P e - F 0 C ♦ F x C S + F y C S ♦ F z S 

where C * Cos 0^ 

S * Sin 0^ * 

the dynamic effect is calculated using the relation 

6 4 2 2 4 4 

F 0 C F X C S F V C S F Z S 

'2 — - — + — + -1 + 

Pr ir8 g8 v8 v6 

Dynamic effect * 10 log^ 0 ~ r 2 * 10 log 10 12 

p S p S 

where K ■ (1 + M ac Cos 0^) 

6. The levels are then corrected to 

SPLi flight at " SPL basic + dynamic effect 

free- jet 
frequency 

7. Doppler frequency 6hift results in a flight frequency given by 

ffree jet 

* flight " Tl ♦ M ac Cos 0^ 

8. Then, SPL flight (at f fllght ) “ SPL i (at f free j ct >. 

Thus by using the above transformation, the free- jet data are transformed 
into flight data. Further discussion of this procedure is found in Ref. 2-1. 
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Figure II-l. Acoustic Data Acquisition and Reduction System 
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Figure II-2. Acoustic Data Processing Flow Chart. 
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Figure I r-3. Algorithm Description 
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Figure I f-3. Algorithm Description (Continued). 
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APPENDIX III 


AERODYNAMIC DATA ACQUISITION AND REDUCTION PROCEDURES 


The facility operating parameters are monitored during testing at the 
control console to (1) ensure that prescribed facility limits are not exceeded 
and (2) set the test point conditions. 

The core and fan discharge pressures are measured from a single element 
on their respective rakes and are used for setting the desired nozzle pressure 
ratios. These parameters also are routed through the Dymec scanning system and 
recorded along with nozzle performance data by the aerodynamic data handling 
(ADH) system. 

Facility temperatures are monitored at the control console using a Doric 
multichannel temperature indicator. The unit has a 24-channel capability and 
is designed for use with Type K thermocouples (chromel-alumel) . It is used 
for safety monitoring and setting test point temperatures for the dual flow 
system. A system schematic is shown on Figure III-l. 


1.0 NOZZLE PRESSURE AND TEMPERATURE MEASUREMENTS 


A critical parameter used in evaluating acoustic test results is nozzle 
exhaust velocity. Determination of this velocity depends on an accurate deter- 
mination of the exhaust temperature and pressure, which in turn depend on 
adequate sampling across the stream to account for profile effects. Special 
multielement rakes have been designed for use on the single and dual flow 
systems . 

The system uses two rakes, each having three pressure and three 
temperature elements with spacing of the elements corresponding to centers 
of six equal area annular segments of the flow stream. These rakes use 
shielded Type K thermocouples (chromel-alumel) which have a recovery 
factor very close to unity. 

Pressure measurement accuracy is controlled by the accuracy of the trans- 
ducer used for the measurement. The scanivalve transducers that are used are 
rated at 0.1% of full-scale range. 


2.0 PERFORMANCE DATA PROCESSING 


Aerodynamic parameters are calculated based on the acquired temperature 
and pressure information. The input information for nozzle performance con- 
sists of ambient pressure (P ^) , nozzle discharge total temperature (T^) , 
and nozzle total pressure (PfJ 1 ?. 
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Figure III-l. General Electric Anechoic Chamber Aerodynamic 
Data Processing System. 


Output of the processing program consists of tabulations of the indivi- 
dual input parameters with their identification, averages of similar param- 
eters (i.e., P T rake average), and calculated parameters as indicated in the 
following paragraphs: 


1 . Gamma 

For T s <_ 440* K (788.3* R); y - 1.4 

For T S > 440- It (788. 3" R) ; T - ^“o°070271 

CT S ) 

with Tg in * R 
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2. Isentropic or Ideal Mach number 



Tg is initially assumed to be equal to Tj. Starting with the gamma 
calculation, the above steps are repeated by an iteration procedure 
until the difference in Tg between iterations is <1.0. 

3. Local Sonic Velocity 

c - /T"rt s 

4. Ideal Velocity (fully expanded) 

Vj " M J c 

5. Calculated Ideal Thrust 
F - Vj W 

3.0 HUMIDITY AND TEMPERATURE MEASUREMENT 


One of the parameters necessary for correcting acoustic data for atmo- 
spheric absorption is the humidity content of the air through which the signal 
is propagating. Since varying nozzle operating conditions may cause changes 
in the chamber environment during the course of testing, a means of remote 
humidity readout is required. This is accomplished through the Hygrometrix 
Model 8501 Relative Humidity System. This system utilizes a Xeritron sensor 
that is an assembly of hygromechanical crystallite structures and piesoresis- 
tive silicon strain gages on a common substrate. The sensing element responds 
to changes in relative humidity by a dimensional change reflected in the 
strain gage resistance with its resistance being proportional to the relative 
humidity. 

Temperature at the humidity sensor location is measured using a Type K 
thermocouple. Readout of both temperature and relative humidity is provided 
at the cell control panel and is logged for each test point. Provision exists 
for tumidity readout from any of the microphone positions; however, the sensor 
is mounted at the 40* microphone position, since this location represented a 
good approximation of mean chamber conditions as determined from the environ- 
mental survey. The manufacturer's stated accuracy for this system is ±22 
over the range of -40° C to +1250° C. 
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APPENDIX IV 


LASER VELOCIMETER SYSTEM 


1.0 GENERAL ARRANGEMENT 


The laser velocimeter (LV) arrangement used during this program is a 
system developed under a USAF/DOT-sponsored program and reported in detail in 
Ref. IV-1. The basic optics system is a differential Doppler, backscatter, 
single-package arrangement that has the proven feature of ruggedness for the 
severe environments encountered in high velocity, high temperature jets. 

Fig. IV-1 shows a photograph of the LV system in the General Electric Anechoic 
Test Facility. Fig. IV-2 is a schematic arrangement of the laser package. 

The laser beams are projected from below the lens, forming an angle , that 
keeps the major axis of the control volume ellipsoid to a minimum. The dimen- 
sions of the control volume are 0.635 cm (0.25 inch) for the major axis and 
0.518 cm (0.020 inch) for the minor axis. The range of the LV control volume 
from the laser hardware is 2.16 m (85.0 inch). The three steering mirrors and 
the beam splitter are mounted on adjustable supports, all of the same aluminum 
alloy, which eliminates temperature-alignment problems. 


2.0 LV ACTUATOR AND SEEDING 


Two remotely actuated platforms are available, i.e., normal traverse 
platform and slant traverse platform. The normal traverse platform has three 
axes: vertical, horizontal, and axial. Travel capabilities are 0.813 m (32 in.), 

0.813 m (32 in.), and 5.79 m (228 in.), respectively. Resolution is 0.1588 cm 
(± 1/16 in.) for each axis except for the last 5.28 m (208 in.) of axial travel, 
which has a resolution of 0.3175 cm (+ 1/8 in.). 

The slant traverse platform enables LV traverse to be made along the axis 
that is parallel to the plug surface. Travel capability is 0.508 m (20 in.) in 
the axial direction parallel to the plug surface (which makes an angle of 15° 
to the nozzle axis). Resolution is 0.1588 cm (+ 1/16 in.). 

Seeding is by injection of aluminum oxide (Al^O^) powder, nominal 1-micron 
diameter, into the supply air to the burner and into the region of the nozzle 
so as to seed the entrained air. "The powder-feeder equipment used is described 
in Ref. IV-1 except that the fluidized bed column supply air is currently 

heated to about 394.1 K (250° F) to prevent powder aggregation by moisture 
absorption. 

3.0 SIGNAL PROCESSING AND RECORDING 


The LV signal processor used is a direct-counter (time-domain) type 
similar to that reported in Ref. IV-1 but with improvements. These improve- 
ments result in a lowered rate of false validations and improved linearity and 
resolution. Turbulent velocity probability distributions (histograms) are 
recorded by an NS633 pulse-height, 256-channel analyzer. All the data acquired 
from the laser unit is transmitted to a microcomputer system which stores the 
data on floppy disk and performs all the necessary data reduction functions. 
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The processing capabilities of the General Electric LV system are as 
follows : 

• Velocity range - 35 to 5000 fps 

• Random error for single particle accuracy (error associated with 
system inaccuracies such as fringe spacing, linearity, stability, 
burst noise) - 0.75% 

• Bias error for mean velocity - 0.5% 

• False data rejection capability (possibility of accepting bad 
data) - <0.0002%. 

The GE System uses a 16-fringe control volume where all of the 8 center fringes 
are used in the data acceptance/rejection testing. 


4.0 LV DATA REDUCTION 


The concept of using LV measurements for obtaining the mean and turbulent 
velocity profiles may be described as follows: two beams of monochromatic 

light intersect at a point in space and set up a fringe pattern of known spac- 
ing (see Figure IV-3) . The flow is seeded with small particles which pass 
through the measuring volume. The light scattered from the particles is col- 
lected, and the laser signal processor measures the time it takes for the parti- 
cles to pass through each fringe. Knowing the distance and time for each vali- 
dated particle enables the construction of the usual histogram (see insert on 
Figure IV-3). Then by statistical techniques, the mean value (which corresponds 
to the mean velocity) and the standard deviation (which corresponds to the tur- 
bulent velocity) are constructed. Although the principle of measurement is 
easy, the practical aspects associated with the design of an electronic process- 
ing unit to monitor the valid particles are quite challenging. Investigators 
have had great difficulty performing measurements even in low velocity jets, 
and the extension to heated supersonic jet measurements represents a major 
achievement. The method of calculation used to obtain the mean and turbulent 
velocities from LV measurements is described below. 


1 . Histogram 

A histogram is an estimate of the first-order probability density of 
the amplitude of a given sample. To obtain a velocity histogram, the time- 
dependent LV velocity, V(t), is accumulated and divided into classes bounded 
by values of velocity increments V^. For each independent sample of velocity, 
a class interval is formed such that V. < V(t) < V . During a measurement 
period, k^ number of velocity samples are accumulated in each sample class V^. 
From the 1 total sample of measured velocity points, the histogram is 
constructed as shown in Figure IV-3. The mean velocity and turbulent velocity 
derived from the histogram are obtained as described below. 


1 r )9? 

-» .C 
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2. Mean Velocity 


The mean velocity of the jet, Vj , obtained from the discrete velocity 
sample is calculated by: 



All Class 
Intervals 

where 

V + V 

i+1 i is the value of the sampled axial velocity component at 

2 the center of the class interval 


k i 

N 


is the number of velocity samples in the class interval 

is the total number of velocity samples (■ I k^) in the 
histogram 


3 . Turbulent Velocity 


To obtain the turbulent velocity, V' * from the sampled data contained in 
the histogram, the standard square root of the statistical variance is per- 
formed. This calculation is performed using the following equation: 


V' 


E (zzizz - *jj 

1 Class ' N / 


k. 

l 


A1 

Intervals 


1/2 


4. Statistical Errors for LV Mean and Turbulent Velocity Measurements 

With any large data sample, as obtained through the collection of veloc- 
ity samples in an LV histogram, guidelines for estimating the accuracy of each 
measurement are required. Tables IV-I and IV-II provide estimates of the per- 
cent error obtained for a mean velocity or turbulent velocity LV measurement. 


Table IV -I lists the percent error for a 952 confidence statement of mean 
velocity measurement as a function of the total number, N, of velocity samples 
contained in the histogram and the turbulence level, y'/Vj. Table IV-II gives 
the percent error for a 952 confidence statement of the turbulent velocity 
estimate as a function of N, the total velocity sample. As can be seen from 
Table IVrl, a fairly small sample of velocity measurements is required to 
obtain a good estimate of the mean velocity. For the turbulent velocity, the 
number of data samples required for a good estimate increases substantially. 
The usual number of samples obtained with the General Electric LV during a 
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routine data-taking measure nt performed during this program is approximately 
1000 samples. For simple and quick diagnostic-type information, this amount 
of samples is sufficient. For more advanced measurements, such as turbulence 
spectra or two-point cross correlations, many more data samples are required 
than are obtained currently on a routine basis. 


5.0 LV TRAVERSES FOR MEAN VELOCITY PROFILES 


In addition to the above described stationary mode of OV operation for 
the determination of mean and turbulent velocities at discrete points, the LV 
is operated also in a traversing mode to obtain continuous profiles of mean 
velocities. These traverses are possible along any of the three axes with the 
normal traverse platform and along the slant axis parallel to the plug surface 
with the slant traverse platform. During these traverses, the data describing 
the velocity levels and the location of the measurement volume are recorded 
continuously on an X-Y plotter. The traversing speeds are adjusted as well as 
traverses repeated for obtaining well-defined mean velocity profiles. 

As one of the new features incorporated in the present LV test efforts, a 
new micro -computer software has been developed that enables mean velocity data 
to be obtained during any traverse mode (i.e., axial or radial, chordwise and 
slant axial) from mini-histograms in the form of plots of mean velocity versus 
traverse distance. During the present tests, the mean velocity data measured 
with the mini-histograms were acquired from the acceptable data samples set to 
20. This number of samples yields an estimated 5% error in the LV mean velocity 
measurements with a statistical 95% confidence level for a given turbulence 
intensity of 10%. 
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Figure IV-1. Laser System in the GE Anechoic Jet 
Noise Test Facility. 
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Figure IV-2. Laser Velocimeter Optics Package. 
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Constructed Histogram 
from LV Samples 



Figure IV-3. 


Schematic of Laser Velocity Measurements. 
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Table IV-I. Estimated Percent Error in the LV Measurement 
of Mean Velocity with 952 Confidence. 


N 

u'/Vj 


0.2 

0.1 

0.05 

0.025 

10 

14.1 

7.0 

3.5 

1.76 

20 

9.3 

4.7 

2.3 

1.20 

30 

7.4 

3.7 

1.9 

0.93 

40 

6.3 

3.2 

1.6 

0.80 

60 

5.0 

2.6 

1.3 

0.65 

120 

3.6 

1.8 

0.9 

0.45 


Table IV-I I. Estimated Percent Error for LV Turbulent 

Velocity Measurements with 952 Confidence. 


N 

Percent Error 

20 

31.50 

40 

21.80 

60 

17.80 

120 

12.60 

240 

9.12 

480 

6.45 

960 

4.56 

5,000 

2.00 

25,000 

0.89 



/ 

L 








APPENDIX V 


SHADOWGRAPH SYSTEM 


A shadowgraph system was installed in GE's anechoic free-jet facility 
to perform diagnostic flow visualization tests. To obtain the shadowgraph 
photos of good resolution, the system was mounted in near proximity of the 
jet nozzle. The light source mounted on the optical bench was of 
steady-state type. Collimation of the light through the test volume 

was achieved by means or a reflective mirror system of 10-inch diameter. 
Shadowgraph images were backdropped on a screen which has a sufficient size 
to encompass the total test section of the given flow and is located at 12 feet 
2 inches from the jet nozzle. A mounting platform for the steady-state light 
source, reflective mirror and camera system is remotely controlled to position 
the shadowgraph system for an approximately three (3) foot vertical flow field 
study. The schematic arrangement of the shadowgraph setup in GE's anechoic 
free-jet facility is shown in Figure V-l. 
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10 In. Diameter Mirror 
On Rotational Mount 











APPENDIX VI 


DESIGN DRAWINGS OF SCALE MODEL NOZZLES 


Detailed design information relative to the seven test configurations 
delineated in Section 2.0 is included within this Appendix. Note: For ease 

of reference, Table 2-1 of Section 2.0 is repeated as Table VI-1. It summarizes 
the test configurations and all applicable schematics, drawings and photos. 
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Figure VI-1 . Drawing of Model 1; Baseline Conical-Convergent Nozzle, 4013096-981, Item 8, P07. 




Figure VI-2. Drawing of Model 2's Transition Shroud, JNT040181P01 . 
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Figure VI-5. Photo of Model 2's C-D Nozzle, JNT040181P02 . 



Figure VI-6. Drawing of Models 3 and 4 Plug Forebody, 4013266-525 Item 3, P02. 





Figure VI-7. Photo of Models 3 and 4 Plug Forebody, 4013266-323 Item 3, P02 





Drawing of Models 3 and 4 Plug Crown, 4013266-525 Item 4, P03. 
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Figure VI-9. Photo of Models 3 and 4 Plug Crown, 4013266-525, Item 4, P03 
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Figure VI-10. Drawing of Models 3 and 4 Plug Closure, 4013266-525 Item 7, P06. 
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Figure VI-11. 


Photo of Models 


3 and 4 Plug Closure, 4013266-525, Item 7, 


ISi3 


P06 
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Figure VI-13. Photo of Models 3 and 4 Transition and Centering 
Sleeve, 4013266-525, Item 11, P10 
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Item 19 Centering Strut/Pad Assembly 
(6 Total) 
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Figure VI-15. Photo of Models 3 and 4 Core Nozzle Support Structure, 
4013266-525, Item 12, PI 1 ; Side View. 
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Holes through Struts for Routing 
Plug P Instrumentation (4 Total) 


r Internal Support Strut (4 Total) 
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Figure VI— 16. Photo of Models 3 and 4 Core Nozzle Support Structure, 

4013266-525 Item 12, Pll; End View. 
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Drawing of Models 3 and 4 Aft Free Stream Closure, 4013266-525 Item 14, P13 
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Instrumentation on Baseline 
Cylindrical, C-D & 32-Chute 
Nozzles 


Figure VI-18. Photo of Models 3 and 4 Aft Free-Stream Closure, 
4013266-525 Item 14, P13. 
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Drawing of Models 3 and 4 Centering Strut/Pad Assembly, 4013266 525 Item 19, P17 
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Figure VI-20. Photo of Models 3 and 4 Centering Strut/Pad Assembly, 
4013266-525 Item 19, P17. 
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Figure VI-23. Photo of Model 4's Convergent-Divergent Annular Sleeve, 4013266-525 Item 8, P07. 













Figure VI-25. Drawing of Static Pressure Instrumentation Application to Model 4' 
Plug Closure, 4013266-525, Item 7, P06. 
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Figure VI-27- Assembly Drawing, Model 





Figure VI-28, Assembly Drawing, Model 
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Figure VI-29. Detailed Drawing, Model 















Figure VI-31. Detailed Drawing, Models 5 and 6. 
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Figure VI-32. Photo 



Figure VI-33. Photo of Model 6 Components. 
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Figure VI-35. Application of P s Instrumentation to Base Area of Model 6 20 C-D Chute Suppressor. 


